The chloroplast, a photosynthetic organelle found in all plant and algae species, originates from an ancient event in which a cyanobacterium was engulfed by a larger eukaryote 1,2 . Thus, modern chloroplasts still harbor a bacteriallike genome and carry out all stages of gene expression, including mRNA translation by a 70S ribosome 3,4 . However,
(aSD) conserved sequence found at the 3' edge of the 16S rRNA 5, 6 . In this TI model, the proximity of the binding site to the START codon (roughly 10 base-pairs upstream) is a key feature necessary for proper initiation [7] [8] [9] 15 ( Fig. 1a) .
Since the availability of plastid sequences first began rising, the search for differences between chloroplast and bacterial TI features has attracted attention 4, 12, 13 . While such differences often tend to be attributed to unique evolutionary adaptations taken on by chloroplasts post-endosymbiosis, computational works performed on several organisms have shown that the SD motif presence on mRNAs is decreased both in chloroplasts 16 and in cyanobacteria 9, [16] [17] [18] [19] . These data suggest that the decrease in SD centrality occurred prior to endosymbiosis. To present this on large-scale, we computed the 5' UTR position-wise conservation for a representative from each sequenced chloroplast-containing genera, and compared the results to the equivalent cyanobacteria group of representatives. As an outgroup we used a similarly built database of proteobacteria -which are a large and diverse group, including key model organisms (e.g. Escherichia coli, Heliobacter pylori, Pseudomonas aeruginosa, etc.) from which the SD TI model was originally deduced. From this large scale analysis it is evident that while proteobacteria show a clear SD signal centered roughly nine bases upstream from the START site (Fig. 1b) , both chloroplasts and cyanobacteria show a noisier pattern with no clear signal in the SD area (Fig. 1c,d ). Since plastid annotation was shown to harbor sporadic errors in several cases 20 , we conducted a robustness test in which we iteratively omitted the annotated 5' UTRs which contained the lowest SD scores. These omissions had negligible effects on the conservation maps (Extended data Fig 1) . Since positioning plays a key role in the SD mechanism, this wide view observation provides robust evidence confirming that the SD mechanism in the ancient cyanobacterium engulfed during the formation of chloroplasts has already diverged significantly from its canonical role in proteobacteria.
These data confirm that symbiosis with the nucleus (which applies to chloroplasts alone) could not be a main driver towards the reduced role of SD in chloroplasts. Alternatively, such drivers might include adaptation to oxygenic photosynthesis or to slower growth rates, as these features differentiate proteobacteria from cyanobacteria and chloroplasts 9, 21 . Previous experimental approaches aiming to clarify the functional role of the SD mechanism in chloroplasts yielded a mixture of results. While mutating a 5' UTR SD motif is expected to reduce the gene's translation efficiency, this outcome was only observed in several genes [24] [25] [26] , whereas in others no significant effects were reported 10, 11, 25, 26 . In a recent report, researchers mutated the 16S aSD sequence and applied ribosomal profiling to quantify changes in translation rates across the tobacco chloroplast genome 27 . Interestingly, it was found that SD binding is required for translation of only a subset of plastid genes, thus giving a broader context to previous reports.
However, it is well established that unlike in model bacteria, translation constitutes a major regulatory phase in chloroplast gene expression 13, 14, 28 . This notion corresponds well with the decline in centrality of the spontaneous and energy-independant 4 SD TI mechanism (Fig. 1b,c and references above), which is more suitable for short-lived mRNAs 29-31 and regimes with strong transcriptional regulation. Thus, alterations in the plastid 16S rRNA 3' edge that would add regulatory steps to the spontaneous SD mechanism and acclimate it to the chloroplast gene expression environment could be expected. As the 16S aSD sequence itself is highly conserved between chloroplasts and model bacteria 4, 12, 13 , we hypothesized that structural alteration of the rRNA could take place instead.
To test this hypothesis, we examined the 3' edges of all 16S rRNAs in our database. While the aSD is clearly conserved in chloroplasts (and cyanobacteria), they contain a typical pattern of point mutations, clustered in two loci upstream of the aSD sequence (Fig. 2a) . While these base substitutions do not directly affect the aSD sequence, they could change the local rRNA secondary structure, and thus indirectly complicate the aSD:SD binding event. To examine this theory, we simulated the local folding of the 16S rRNA 3' edge in all organisms in our database. To define the relevant region for simulation, we examined the 30S ribosomal subunit PDB structures from Escherichia coli 32 and the Spinacia oleracea chloroplast 33 . We chose the region from nucleotide -28 relative to the aSD sequence until the 3' edge, since unlike upstream regions which bind proteins and distant rRNA parts, in both organisms the RNA only interacts with itself in this area (Fig. 2b , Extended data Fig. 2 ). Interestingly, our folding simulations of this region show that the proteobacteria rRNA structures differ significantly from those of chloroplasts and cyanobacteria in several aspects. To broadly quantify these effects across our database, we computed the rRNA folding that minimizes free energy for each organism and computed the number of aSD nucleotides found in structure. Our results clearly
show that a significantly larger portion of aSD nucleotides are paired in chloroplasts and cyanobacteria (Fig. 2c ).
Since ribosome binding in the SD mechanism requires base pairing between the mRNA SD motif and the rRNA aSD sequence, the occupation of the latter by other bonds reduces its affinity to the mRNA and lowers the probability of binding; thus explaining the less canonical role that SD plays in chloroplast TI. Examining the most common structures received from each group reveals the loss of the well-described bacterial hairpin loop 34 in cyanobacteria and chloroplasts, and clearly emphasizes the structural differences in the aSD complex between groups (Fig. 2d ).
Two clusters of mutations (Fig. 2a , positions 4-5, 10-11) are the main drivers of this conformational change. Other point mutations and the slightly longer proteobacterial tails (Fig. 2a) have negligible effects on this observation (Fig.   2d ). In line with this model, we observed a significant positive correlation between the openness of the aSD element (i.e. the number of exposed aSD nucleotides) and the conservation of the mRNA SD motif within the proteobacterial group (Extended data Fig. 3 ). This observation indicates that the co-evolutionary dependence between these two traits occurs in proteobacteria as well. The bars show the mean ± SE of this value across all organisms in each of the groups. d, Typical (most abundant) rRNA secondary structure. Anti-SD nucleotides are marked in dark green whereas the nucleotides that cause the structure discrepancy between groups are circled in pink.
According to this model, simply changing these two clusters of altered nucleotides into their proteobacterial form will modify the local folding at the 3' edge of the 16S rRNA, and expose the aSD sequence to facilitate easier binding to SD motifs. To test this theory, we designed two plasmids for chloroplast expression in the model green alga To quantify the differences in translation efficiency between the two groups of transformants, we measured mCherry fluorescence for each of these clones by flow cytometry, in which 10 4 single cells from each mid-log phase culture were examined. We observed that our reporter gene was significantly more highly expressed in the clones transformed with plasmid B (Fig. 3b) . Since homologous recombination (HR) between the untouched endogenous 16S and the inserted synthetic 16S could potentially erase our modifications, we confirmed the presence of our point mutations on the synthetic 16S following the flow cytometry analysis (Extended data Fig. 7 [including further discussion on HR]). Alongside our computational analysis, this discrepancy in protein expression suggests that loose aSD structures are important for spontaneous aSD:SD base-pairing (Fig. 3c) . Recently, it has been shown that SD-mediated ribosome binding still occurs in the tobacco chloroplast 27 , thus confirming that all machinery required for proper SD-mediated ribosome binding remained intact in plastids and still plays a role in controlling chloroplast TI 27 . This explains the necessity of the aSD element, and together with our model it might also explain the conservation of the upstream mutations (Fig. 2a , positions 4-5, 10-11); according to this theory, these mutations serve as part of an additional regulatory element which lowers the spontaneity of the aSD:SD interaction and acclimates the SD mechanism to the chloroplast environment in which regulation at the translational level is predominant. However, unlike in proteobacteria where SD is the canonical TI model, Scharff et al. have shown that it is a dominant TI mechanism for only a specific subset of genes. Importantly, this work shows that genes in which SD is essential for TI also tend to have strong mRNA secondary structures in the vicinity of their START sites. Together with our data, these observations could suggest that mRNAs controlled by SD might require a certain 5' UTR secondary structure to unfold the 16S edge and reveal the aSD sequence in order to facilitate ribosome binding.
A useful by-product of this work is the establishment of a generalist method for enhancing heterologous expression in chloroplasts. Our baseline plasmid in this work, pLM21, is known to drive high chloroplast expression in C.
reinhardtii [36] [37] [38] , yet by adding a slightly modified copy of the 16S rRNA (Fig. 3a) , we were able to roughly double the amount of protein achieved (Fig. 3b) . As the aSD sequence is concealed in nearly all chloroplasts (Fig. 2) , we expect that adding a modified 16S rRNA to any plastid expression vector would similarly enhance the translation of a target transcript harboring a SD motif in any chloroplast. However, one must take into consideration that: (i) while potential HR with the native 16S has not deleted the modified 16S version in any of our clones (Extended data Fig. 7) , it could theoretically reverse the effect of the synthetic 16S over time, and (ii) While under our experimental conditions we observed no phenotypic difference between the transformation groups (Extended data Fig. 8) , alteration of the 16S rRNA could theoretically cause such differences in other organisms or under different conditions.
Methods
We have placed several documents, containing various types of information, in the following depository:
https://github.com/iddoweiner/Solving-the-riddle-of-the-evolution-of-Shine-Dalgarno-based-translation-inchloroplasts
Henceforth referred to this as the depository.
Data Base Construction
To build the database used for the analyses described in this work, we retrieved the accessions for all organisms in NCBI (January, 2018) that are classified as either proteobacteria, cyanobacteria or chloroplasts. The full list of accessions is given at: https://github.com/iddoweiner/Solving-the-riddle-of-the-evolution-of-Shine-Dalgarnobased-translation-in-chloroplasts. Within each group, we randomly selected one representative for each genus to appear in the final database. In Fig. 2a alone, several organisms were removed from the alignment as they introduced sporadic indels into the alignment matrix and interfered with data visualization.
Conservation (Entropy Z-score)
To compute the organism-specific position conservation scores presented in Fig. 1 we initially obtained the 50 basepairs (bp) upstream from the start site in all the CDSs (Extended data Fig. 9 ) and computed the position specific scoring matrix. For each matrix column we computed the Shannon Entropy by:
More specifically, given the frequencies p(A), p(C), p(G), p(U), the entropy S of a column (position) is:
We computed the same entropy score for 100 different random models of the same matrix, in which the columns were permutated together to maintain the alignment. The final value shown in Fig. 1 is the margin between the entropy computed on the native 5' UTRs and the average of those computed for the randomized UTRs, divided by the standard deviation of the random model distribution (Z-score).
16S rRNA local folding simulation
To simulate the local folding at the 3' edge of 16S rRNAs, we first examined the 30S ribosomal subunit PDB structures from Escherichia coli 32 and the Spinacia oleracea chloroplast 33 . While using the conserved aSD sequence as a reference point, we observed that from roughly nucleotide -28 until the 3' edge, base pairing is scarce and importantly -only interacts within itself (Fig. 2b , Extended data Fig. 2 ). Regions slightly upstream from this point interact with distant self-regions (e.g. with regions located 500 bp upstream on the 16S), ribosomal proteins and other rRNAs. Thus, we selected this area for our simulations. The folding structure was computed using the ViennaRNA package 39 .
Shine-Dalgarno consensus sequence
While there is some debate whether the exact consensus SD sequence is AGGAGGU or just AGGAGG (thus the aSD is either ACCUCCU or CCUCCU, respectively), previous studies lean towards the former 40,41 . The high level of conservation of adenosine in position 24 (Fig. 2a) could strengthen this notion. While we have indeed used the 7-base consensus sequence in this work, the only result that depends upon the exact consensus sequence is the one presented in figure 2b . A similar analysis based upon the 6-base consensus sequence is shown in (Extended data Fig.   10 ), where the conclusion remains the same.
Algal cultures and chloroplast transformation
Chlamydomonas reinhardtii wild-type (D66) strains were grown in Tris-Acetate-Phosphate medium at 25 o C under continuous cool daylight and cool white fluorescent lights (90 µE m -2 s -1 ) stirring in 100 mL Erlenmeyers capped with silicone sponge enclosures, as previously described 42, 43 . Vectors A and B (Fig. 3a) were cloned into the pLM21 37 and transformed into the C. reinhardtii wild-type chloroplast using a biolistic gun. The full annotated plasmid maps appear in the depository. Several rounds of PCR were used to isolate homoplasmic clones 35, 36 (also see Extended methods).
Flow Cytometery
The mCherry fluorescence was quantified from a 200 µL sample in mid-log phase (10 6 cells mL -1 ) from each positive clone, using the S1000EXI Benchtop Flow Cytometer (https://stratedigm.com/s1000exi-flow-cytometer). The mCherry parameters were selected according to the manufacturer's instructions. The auto-fluorescence of the C.
reinhardtii wild-type was measured in the same experiment and subtracted from the clones' intensity.
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Extended data Fig. 1: Robustness test against sequencing/annotation errors
In this analysis we examined the robustness of the observation in Fig. 1e , given possible sequencing / annotation errors in plastomes, such as those described by Gallaher et. al 1 . To validate that the absence of the SD motif is not an artifact caused by such errors (which could introduce false START codons into the genomic record files and raise an alternative explanation to the absence of SD signal in chloroplasts), we conducted an iterative robustness exclusion process: in each iteration we omitted the 5' UTR with the lowest SD score (i.e. the one that best supports the observation in Fig. 1e ) from each plastome in our database, and then re-ran the conservation calculations. At the end we averaged these values across all organisms and drew a new heat-map in a similar manner to the heat-map presented in Fig. 1e . We iterated this process until 10 genes were removed from each plastome -simulating a case where in each plastome the 10 mRNAs with the lowest SD score are a result of a sequencing / annotation errors. The similarity between these results and the those shown in Fig. 1e emphasize the robustness of this result. The numeric Extended Methods:
DNA extraction
Total DNA was extracted from 50 mL mid-log phase C. reinhardtii (3 × 10 6 cells mL -1 ) cultures. Cultures were centrifuged (2800g for 7 min) and 30 mg of the cell pellet was taken for total DNA extraction using an OMEGA E.Z.N.A plant DNA kit.
Quantitative PCR
Total RNA was extracted from 50 mL mid-log phase C. reinhardtii (3 × 10 6 cells mL -1 ) cultures. Cultures were centrifuged (2800g for 7 min) and 100 mg of the cell pellet was taken for total RNA extraction using according to the manufacturer's recommendation, followed by PCR and gel electrophoresis quality check.
The RNA concentration was determined using a NanoDrop® ND-1000 Spectrophotometer. 2 µg of purified RNA from each sample were used for complementary DNA (cDNA) synthesis using High capacity cDNA
Reverse Transcription Kit (ABI 4368814) that was performed with random primers according to the manufacturer protocol. Equations:
1. ∆C : = C : ( ℎ ) − C : ( )
